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VOCs play an increasingly important role in affecting air quality and threatening human health in China in recent years, where 
industry activities show a significant contribution to VOCs emission. In this article we report our long term study of industrial 
VOCs emissions of six major industries (vehicle manufacturing, printing, equipment coating, electronic manufacturing, furniture 
manufacturing and bio-pharming) on the aspects of emission characteristics, environmental impact and health risk assessment, 
and control challenge analysis with the purpose to obtain in-depth understanding of industry VOCs emissions and offer some 
original basements for national control and management of industry VOCs emissions. This study shows that all these industries 
give middle or low emission with total VOCs concentration less than 1000 mg/m3 at each exhaust pipe. Benzenes, esters, alcohols, 
ketones, alkanes, chloroalkanes and alkenes were detected as the major emission components and the most frequently monitored 
VOCs were benzenes, which varied obviously with different processes and industries. The environmental impact assessments 
indicate that vehicle manufacturing and benzenes should be prior controlled with the purpose to reduce air pollution. While, health 
risk assessments suggest that furniture manufacturing and chloroalkanes should be firstly controlled. Control analysis indicates 
that developing technologies with low cost and high efficiency and establishing and completing specific industry emission stand-
ards/regulations are the two key issues in VOCs emission management at present stage. 
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As for the definition of VOCs, WHO (World Health Or-
ganization) , EU (European Union), US EPA (Environmen-
tal Protection Agency), ISO (International Organization for 
Standardization) and other organizations give various defi-
nitions based on different consideration. However, in China 
VOCs usually refer to a series of organic chemical com-
pounds which have significant vapor pressures and are easy 
to volatilize in the atmosphere [1–3]. VOCs have different 
sources, which could be generally divided into natural 
sources and anthropogenic sources. Natural sources include 
vegetation emission, agricultural respiration and forest fire 
etc. Anthropogenic sources mainly refer to vehicle exhaust 
emission, oil gas evaporation, industry emission, oil refining, 
storage and transportation, waste material disposal and oth-
ers. Generally, VOCs emission amounts from these two 
sources are quite different. Natural sources release much 
more VOCs than anthropogenic sources globally [4,5]. 
However, in China the amounts of VOCs emission from 
anthropogenic and natural sources are at the same level 
[6,7]. In regional scale, VOCs emission amounts from an-
thropogenic activities are much higher than those from nat-
ural sources [7–9]. It is calculated that industry emission 
(related to most kinds of industrial processes or activities 
including use of organic solvents) is the largest anthropo-
genic source of VOCs in China at present [10,11].  
According to our survey, most VOCs from industry 
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emission are not treated effectively and released into at-
mosphere directly, which already have been proved to be 
harmful to public health. For example, chlorobenzene is 
commonly used as a solvent for adhesives, rubber, paint, 
and fiber-swelling agent in textile processes, occupational 
studies have indicated that acute and chronic exposure to 
chlorobenzene could cause distinct symptoms, such as 
headaches and irritation of the mucosa of the upper respira-
tory tract and eyes [12–14]. Diethylhexyl phthalate (DEHP) 
is commonly used in the production of medical devices as 
plasticizer, and studies have found that unusual lung disor-
ders like respiratory distress, pathological changes resem-
bling hyaline membrane disease are observed in three pre-
term infants artificially ventilated with PVC respiratory 
tubes [15]. According to the ref. [16], benzene, toluene and 
xylene could result in serious neurosis and cardiac diseases 
for workers exposed to those pollutants for long-term. In 
addition, VOCs characterized by their photochemical activ-
ity could undergo a series of photochemical reaction to form 
the secondary organic aerosol, which is one of the major 
components of airborne fine particles. Some studies show 
that the dominated precursors of smog in big cities are 
VOCs [17,18]. Related research indicates that ozone for-
mation in Guangzhou urban area is greatly affected by the 
anthropogenic VOCs and photochemical smog pollution in 
the Pear River Delta caused by ground-level ozone is be-
coming worse [19].  
Due to the obvious impacts on atmosphere and human 
health, the General Office of the State Council (GOSC) is-
sued an important circular, which firstly suggested VOCs be 
controlled for better regional air quality and some key in-
dustries should be prior controlled (Http://www.gov.cn 
/gongbao/content/2010/content_1212364. htm). However, 
there are few studies about specific industry VOC emission 
and control strategies [20,21], especially there is a lack of 
comprehensive studies on different industrial emission 
sources on a large scale. Most studies have focused on the 
VOCs emission inventory calculated by the emission factor 
method which might cause controversy: firstly, most of the 
emission factors are cited from the databases of other coun-
tries without localization, which could result in overesti-
mating the total amount. Secondly, there is no united stand-
ard of the industry classification, yielding notable difference 
among the calculation results. Thirdly, total emission 
amount calculation could not reveal detailed information 
like VOCs components and emission level, which are  
important and useful to the practical VOCs reduction and  
control. 
In this article we report our long term study on industrial 
VOCs emissions of six typical industries including emission 
characteristics, environmental impact and health risk as-
sessment, and control challenge analysis with the purpose to 
explore industry VOCs emissions and offer some original 
basements for national control and management of industry 
VOCs emissions.  
1  Methods and experiments 
VOCs are emitted from various industry sources and the 
selection of typical industry is of importance for the fol-
lowing research work. However, the source information is 
quite scare and there is no national census on VOCs pollu-
tion sources in China. In 2007 similar campaigns were car-
ried out only in Shanghai and Beijing, respectively. Based 
on preliminary results of 2007 campaigns, vehicle manu-
facturing (vehicle), furniture manufacturing (furniture), 
printing, bio-pharming, electronic manufacturing (electronic) 
and equipment coating (equipment) were selected as the 
typical industries of VOCs emission.  For each industry, 
several typical enterprises were selected for carrying out 
on-line VOCs monitoring and measurement at end pipe 
emission points. 
A portable GC-MS (Inficon, USA) is employed for the 
on-line monitoring and determination of individual VOCs 
components. Before each measurement, quantity curves 
were made and methods were edited in the case of different 
VOC emission level. Other emission parameters like emis-
sion temperature, humidity, velocity and so on were also 
measured by the pollution source sampling device 
(Tianhong 880F, Wuhan, China). Besides the on-line VOCs 
monitoring and determination, process investigation was 
conducted at the same time. The emission amount is calcu-
lated by the following formula: 
 E= K×∑Ci ×V×t,    (1) 
where E represents annual emission amount (ton), K refers 
to the consistent value, Ci denotes the determined concen-
tration of individual components (mg/m3), V means  
emission volume (m3/h) and t refers to annual operation 
hours. 
The material balance method is also used to assessment 
the VOC potential emission amount:  
 E=∑B ×C×(1－ER)－D×C,   (2) 
where E represents potential annual emission amount (ton), 
B refers to annual solvent usage (ton), C means individual 
VOCs contents in solvents (%), D means the recycled sol-
vent per year (ton), and ER means the treatment efficiency. 
Those data were obtained from on-site survey.  
2  Results and discussion  
2.1  Industry VOCs emission characteristics from  
different sources 
Altogether VOCs from six industries were monitored and 
determined in this campaign, due to the limit of content and 
page, vehicle manufacturing industry is given as an example 
to illustrate the individual manufacturing processes related 
with VOCs emission. According to national statistics, vehi-
cle products increased rapidly in recent years. In 2010 the 
product number is 18264700, yielding 32% increase  
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compared with 2009. By now there are more than 120 vehi-
cle manufacturing enterprises distributed in almost every 
province, and more than half of them mainly deal with auto 
manufacturing. Typical auto manufacturing processes are 
given in the following Figure 1. 
From Figure 1, it can be seen that VOCs are emitted 
from three integrated processes: primer coating, intermedi-
ate coating and top coating. Among primer coating process, 
electro-coating method is popularly used and less VOCs are 
emitted due to the use of waterborne coatings. VOCs are 
mainly released from intermediate and top coating process-
es including three key sections [22]: (1) Spraying booth, 
where the organic solvents are used as dilution and they 
tend to volatize during the spraying process. Usually the 
process is characterized by high intensity operation contin-
uously, thus high volume ventilation is introduced, resulting 
in VOCs emission with middle or low concentrations ac-
companied by spray smog. (2) Flash-off area. After being 
sprayed, auto bodies are sent to the flash-off area, where the 
wet spray film will be formed with uniformity. At the same 
time, the organic solvents will further evaporate to air 
without spray smog. Concentrations of VOCs released dur-
ing this process are about twice of those emitted from the 
spraying process. Generally, both processes share the same 
ventilation system, and VOCs determined from the spray 
process also contain those from the flash-off system. (3) 
Baking room. After spraying and flashing-off processes, 
auto bodies are sent to the baking room for further drying at 
a higher temperature of about 180°C. Besides the further 
evaporation in this condition, decomposition and other reac-
tions could also occur due to the high temperature, leading 
to formation of different VOCs compared with the former 
two processes. VOCs at this process are usually treated by 
regenerative thermal oxidation (RTO) technology and yield 
low emission concentration. VOCs from coating and baking 
processes in a typical auto manufacturing enterprise are 
given in Table 1.  
From Table 1, it can be seen that different processes 
yield different VOCs components and the major VOCs 
components among those processes are benzenes, ketones 
and esters. Benzenes were detected with the most frequency. 
The total amount of emitted VOCs from intermediate and 
top coating is much higher than that from baking process. 
As we mentioned above, VOCs were mainly yielded during 
the coating processes at the spraying booth. High emission 
level of VOCs were also released at the baking room, but 
they were treated by RTO which shows a removal efficien-
cy >95%, resulting in low emission level in the end. 
Based on the investigation of the selected automobile 
manufacturing company, it is calculated that the total VOCs  
 
 
Figure 1  Process flow chart of a typical automobile manufacturing enterprise. 
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Table 1  VOCs emissions from different processes in a typical automobile manufacturing enterprise (mg/m3) 
 
Intermediate and top coating 
Top coating (independently) Baking 
(combined) 
Isopropanol 32.14   
2-Butoxyethanol 28.45   
Ethylacetate  26.44 0.70 
Butylacetate 13.46 4.92 1.00 
2-Butanone  11.25 0.88 
2,3-Butanedione  5.72 0.33 
Heptane 6.70   
Toluene 6.91 20.31 3.71 
Ethylbenzene  2.95  
p-Xylene 3.75 4.83 4.51 
o-Xylene 6.09 3.28 1.13 
1,2,4-Trimethylbenzene 25.93  0.36 
1,3,5-Trimethylbenzene 18.91   
1-Methyl-4-ethylbenzene 13.50  0.21 
Total 156.92 79.7 12.83 
 
 
emission amounts from coating process are about 600 tons 
and the initial VOCs emission amounts from baking process 
are about 271 tons. Combined with data from other auto 
manufacturing companies, we find that coating process is 
the most important emission section which accounts for 
70%90% of total VOCs emission amounts. Meanwhile, 
baking process only accounts for 10%30% of total VOCs 
emission. An important reason is that VOCs emitted from 
baking process are treated with high removal efficiency, 
while VOCs from coating process are directly emitted to 
atmosphere without treatment.  
The actual VOCs emission amounts and the potential 
VOCs emission amounts are also calculated, which are 686 
and 955 ton, respectively. The difference indicates that there 
is certain VOCs effusion in spite that the whole process was 
operated in a closed system. It should be noted that the po-
tential in VOCs reduction in auto manufacturing industry is 
huge if the VOCs treatment of coating process is taken into 
account. Related data and results of VOCs emission from 
other industries are listed in Table 2. It clearly shows that 
different industries yield different VOCs emission. For a 
certain industry, different categories also yield different 
VOCs emission characteristics. 
2.2  Ozone formation potential (OFP)  
contribution 
The effect of VOCs on atmosphere is tightly related to their 
chemical reaction activities, which could be assessed by the 
OFP and OH loss rates (LOH). Both provide ways to calcu-
late VOCs’ contribution to ozone formation [23,24]. LOH 
method needs the detailed information of atmospheric in-
termediate reaction steps and some researchers found that 
the LOH method could underestimate VOCs’ contribution to 
ozone formation [25]. While, OFP method could reflect the 
VOCs’ contribution when only VOCs data are available. 
Therefore, the OFP method is used in this study. 
 OFP =∑MIR ×Ci ,  (3) 
where Ci denotes the determined VOCs concentrations in 
these industries, MIR is defined as the maximum incremen-
tal reactivity of individual VOCs and the specific MIR val-
ues are cited from carter’s study [26], OFP calculated re-
sults are shown in Figure 2. 
OFP values of VOCs from the determined six industries 
are in the following order: vehicle > equipment > furni-
ture > printing > electronics > bio-pharming. Vehicle man-
ufacturing shows that the highest OFP values, which are 
mainly related to the higher VOCs emission level and more 
individual components detected. Electronics gives the se-
cond lowest OFP values due to the end treatment with high 
efficiency. Bio-pharming yields the lowest OFP value, the 
reason is that ethanol is the dominated component and its 
MIR value is relatively low. For different kinds of VOCs, 
the OFP contribution is in the following order: benzenes > 
esters > alcohols > ketones > alkenes > chloroalkanes. Alt-
hough the MIR values of benzenes are not the highest, the  
 
 
Figure 2  OFP contribution of VOCs from six industry emissions. 
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Table 2  Summary of VOCs emission from typical industries 













Isopropyl Alcohol 3.10 Photoetching and 
developing 
process 
Low emission level 




1-Methoxy-2-propyl acetate 2.45 
TFT-LCD 
Acetic acid, butyl ester 5.00 Array and color 








2-Ethyl-1,3-dimethyl, benzene 0.09 
1,2,4,5-Tetramethyl, benzene 0.10 






top coating and 
baking process 
Middle emission level 
and large volume in 
spraying section, low 
emission level, high 





Ethyl acetate 13.22 









1-Ethyl-3-dimethyl, benzene 7.97 
1,3,5-Trimethyl, benzene 6.91 











with middle emission 
level, high humidity, 
and large volume 
Water film + carbon 
adsorption; plasma 
decomposition 
Acetic acid, Isobutyl ester 6.21 
Toluene 23.57 







Acetic acid, Isobutyl ester 26.98 






Use of fountain 
solution, ink and 
diluents and 
baking process 
Steady emission with 
middle concentration 
and middle volume 
Carbon adsorption 
Isopropyl Alcohol 1.73 
Ethyl acetate 2.64 
Acetic acid, propyl ester 10.74 
Acetic acid, butyl ester 3.32 
Intaglio 
Printing 
Oxalic acid 1.80 
Ethyl acetate 4.68 
1-Methoxy-2-propanol 2.16 





Ethyl acetate 7.07 
Spraying and 
baking process 
Middle emission level 
with middle volume 
Carbon adsorption 
Butylalcohol 1.32 








Ethyl acetate 2.55 
1-Methoxy-2-propanone 2.82 
Methyl isobutyl ketone 0.30 




2-Butoxy ethanol 1.29 
Pharmacy Bio-pharming Ethanol 1.67 Solvent use 
Intermittent emission 
with low concentra- 
tion and high 
humidity 
Without treatment 
a) Means average concentration of the determined enterprises at single end pipe. 
 Wang H L, et al.   Chin Sci Bull   March (2013) Vol.58 No.7 729 
high emission levels result in the largest ozone formation 
contribution, which accounts for about 64% of total OFP of 
VOCs.  
2.3  Health risk assessment (HRA) of industry VOCs 
An internationally recognized four-step evaluation model of 
HRA is adapted to preliminarily assess the health risk 
caused by industry VOCs emission, the receptors of interest 
are production line workers in the selected industries and 
the main exposure route line is inhalation. The inhalation 
intakes (CDI) used for HRA were calculated as following 
 CDI = (Ci×IR×ED×EF)/(BW×AL),   (4) 
where Ci denotes the exposure concentration, here it is as-
sumed that the exposure concentration is close to the end 
emission level. Exposure duration (ED) and exposure fre-
quency (EF) were obtained by on-site investigation. Other 
parameters including inhalation rate (IR), body weight (BW) 
and average life (AL) were obtained from reference [27]. 
HRA usually includes carcinogenic risk and non-carcinog- 
enic risk assessments. Considering that the most reference 
values used for carcinogenic risk calculation are incomplete, 
HRA here mainly refers to non-carcinogenic risk assess-
ment. According to the research [28], non-carcinogenic risk 
assessment accounts for a large percent of HRA, and it is 
usually characterized by HI (hazard index), which could be 
calculated by following the reference method [28]. The 
calculated ∑HIi values are shown in Figure 3.  
∑HIi values of the determined six industries are in the 
following order: furniture > vehicle > equipment > print-
ing > electronics > bio-pharming. Furniture manufacturing 
industry shows the highest ∑HIi values which are related to 
chloroalkanes like 1,2-dichloroprpane besides the high 
VOCs emission level, and the chloroalkanes account for 
55% of ∑HIi value in the furniture manufacturing industry. 
Compared with other industries, furniture manufacturing 
industry depends more on manual operation, which means 
more exposure frequency and longer exposure time for the 
production line workers. So, from the health protection  
 
 
Figure 3  HRA results of VOCs from six industry emissions. 
point of view, furniture manufacturing industry should be 
prior controlled and VOCs emission should be well treated. 
2.4  Control challenge analysis of industry VOCs  
emission  
Industry VOCs emission should be controlled due to their 
direct impacts on atmosphere and human health, but how to 
carry out emission control is the major challenge at present 
stage in China. Technology treatment is an efficient way for 
VOCs emission reduction. Technology control measures 
include source reduction and end pipe emission treatments, 
and currently more focuses are placed on the later. End pipe 
emission treatments include adsorption, catalytic incinera-
tion, condensation, bio-degradation, plasma decomposition 
and so on. The major technologies for industry VOCs 
treatment in China are adsorption, catalytic incineration and 
adsorption incineration and each has its own advantages and 
disadvantages [29]. As estimated, the percent of be-
ing-treated enterprises is less than 10% [30]. The common 
problems lie in high cost of investment and operation and 
not so satisfied treated performances due to the complex 
emission condition. Therefore, it is necessary to develop 
low-cost and combined technologies for industry VOCs 
emission control.  
Besides the end pipe treatment, administration and su-
pervision are also the important and efficient measures for 
VOCs emission control, which are usually carried out 
based on the emission standards and regulations. However, 
in China VOCs have started to be considered as major air 
pollutants and attracted significant attention in recent years. 
Established national emission standards involve coking, 
catering, gas station, synthetic leather industries, and only 
9 specific components and 3 integrated targets are includ-
ed and the summary of the existing national standards in 
China is given elsewhere [31]. The deficiency of industrial 
emission standards and regulations fails to meet the re-
quirement of administration and supervision. Hence, it is 
necessary and urgent to establish more specific industry 
VOCs emission standards and regulations and update those 
old ones.  
Compared with the standard/regulation and technology 
control, environmental economic measure provides anoth-
er efficient way to control VOCs emission. As an im-
portant part, emission charge system has unique ad-
vantages in VOCs control and management: firstly, it will 
reduce the VOCs treatment cost for the enterprises to 
maximize the profit. Secondly, the charge system will 
stimulate the enterprises to be environment friendly in a 
long term. Thirdly, charge system offers flexible selections 
for both authorities and enterprises. Taiwan sets an excel-
lent example at this field [32], and our preliminarily study 
also indicates imposing environmental tax on high emis-
sion sectors could decrease the VOCs total emission 
amount considerably [33].  
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3  Conclusions 
VOCs from typical manufacturing industries including ve-
hicle, furniture, electrics, equipment, bio-pharming and 
printing were studied by combining process investigation 
and end pipe on-line monitoring in this article. Seven kinds 
of VOCs including benzenes, alcohols, esters, ketones, 
chloroalkanes, and alanes and more than 60 principal indi-
vidual components were detected. VOCs from industrial 
end pipe emission are characterized by middle and low 
concentration together with high emission volume, and vary 
with responding to different industries and different pro-
cesses even at the same industry. From the air pollution 
control point of view, vehicle manufacturing and benzenes 
should be controlled as the prior industry and prior pollu-
tants, respectively. While, from the human health protection 
point of view, furniture manufacturing industry and chloro-
alkanes should be prior controlled. The main challenges for 
industry VOCs emission control are not only the technology 
problems, but also the deficiency in VOCs emission stand-
ards and regulations for specific industries.  
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